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Preparation and structural characterization of ferromagnetic Mn5Si3Cx films
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Carbon-doped Mn-Si films prepared by magnetron sputtering at elevated substrate temperatures exhibit
ferromagnetic order for compositions around Mn5Si3Cx (x.0) in contrast to the antiferromagnetic Mn5Si3
compound. In these sputtered samples the carbon concentration can be strongly enhanced compared to sintered
powder samples. The local structural order around the Mn site in Mn5Si3Cx films was investigated forx50
and 0.75 by x-ray-absorption spectroscopy at different temperaturesT. At low T, both films retain their
hexagonal structure and do not exhibit the orthorhombic distortion observed for bulk Mn5Si3 powder. For the
carbon-doped film a local distortion of the octahedra formed by six Mn atoms of the Mn5Si3 structure is found
when surrounding a C atom. This indicates an anisotropic change of the atomic Mn environment by C, in
contrast to a simple lattice expansion as inferred from previous structural analysis.

DOI: 10.1103/PhysRevB.68.174423 PACS number~s!: 75.70.2i, 74.62.Dh, 81.15.2z
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I. INTRODUCTION

Manganese compounds exhibit a number of proper
which are of fundamental and/or technological interest, s
as the quantum-critical behavior of MnSi~Ref. 1! or the
colossal magnetoresistance of La12xSrxMnO3.2 Although
many intermetallic compounds of Mn and Si or Ge exhi
antiferromagnetic or ferrimagnetic order, it has been sho
earlier that carbon-doped Mn5Si3Cx shows ferromagnetic be
havior with a maximum Curie temperatureTC5152 K for
x50.22 in contrast to antiferromagnetic Mn5Si3.3 The unit
cell of the hexagonal Mn5Si3 structure ~space group
P63 /mcm) contains four MnI atoms at position 4(d) ~1/3,2/
3,0!, six MnII atoms at position 6(g) (yMn,0,1/4) with yMn

50.2358, and six Si atoms at position 6(g) (ySi,0,1/4) with
ySi50.5991.3,4 For the carbon-doped samples previous str
tural analysis suggests that the carbon is incorporated
the interstitial voids at position 2(b) ~0,0,0! of the MnII oc-
tahedra up to a C concentrationx'0.22.3 Such phases with
filled D88 structure are usually denoted as ‘‘Nowotn
phases.’’3,5,6 The binding of impurity atoms such as C, N
and O into the octahedral cavities of the Mn5Si3-type struc-
ture has been established for several different compou
and is still a topic of recent research in physical chemist6

However, the magnetic properties of such carbon-do
compounds have not been widely studied so far. In this
spect it is remarkable that the saturation of carbon uptak
Mn5Si3Cx can be enhanced up tox'1 by magnetron sput
tering of films from elemental targets.7 The magnetic prop-
erties of these films have been investigated previously by
magneto-optic Kerr effect and magnetometry.7,8 A maximum
TC5350 K was obtained for a substrate temperatureTS
5470 °C. The enhancement ofTC by carbon doping was
also demonstrated for isostructural Mn5Ge3 films.9 Because
of the complication of structurally inequivalent Mn sites wi
different Mn neighbor arrangements, different local magne
moments were deduced from broadband nuclear-magn
0163-1829/2003/68~17!/174423~8!/$20.00 68 1744
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resonance measurements and band-structure calculation10,11

Furthermore, the appearance of ferromagnetic hyster
curves at temperatures well above room temperature wa
ported for annealed Mn/C/Si triple layers12 and C/Mn/C/Si
multilayers.13 However, in these samples the crystallograp
structure of the ferromagnetic phase is unclear.

In this paper we will focus on the preparation and stru
tural properties of Mn-Si-C films deposited by magnetr
sputtering with various C concentrations. In this respect
magnetic data such asTC and the average magnetic mome
per Mn atom reported earlier will only serve as paramet
characterizing the magnetic properties. We demonstrate
the Mn5Si3Cx phase is formed in a restricted range of su
strate temperatures and that films with a composition aro
Mn5Si3C0.75 exhibit the highest Curie temperature. This su
gests that this phase is likely to occur also in the aforem
tioned annealed Mn/C/Si triple layers and C/Mn/C/Si mu
layers. In addition, the local atomic structure around the
site was studied by x-ray-absorption spectroscopy~XAS! at
the Mn K edge to obtain further information of the effect o
carbon doping on the Mn valency and on the local atom
Mn environment.

II. EXPERIMENT

Mn-Si-C films were prepared by simultaneous dc- a
rf-magnetron sputtering from elemental targets of M
~99.99% purity!, Si ~99.999% purity!, and C~99.9% purity!
in a high-vacuum system~base pressure 531027 mbar) un-
der argon atmosphere (pAr5531023 mbar) on single-
crystalline Si~001! or Al2O3 (11̄02) substrates at differen
substrate temperaturesTS . The typical film thickness was
100 nm except for XAS, where films of 220 nm thickne
were measured. In addition, a Mn5Si3 powder sample was
prepared for comparison with the XAS data of the films. Th
sample was obtained by annealing a pellet of mixed pow
in a quartz tube under argon atmosphere for 184 h
900 °C.14 The reacted Mn5Si3 powder was finally pressed t
©2003 The American Physical Society23-1
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C. SÜRGERSet al. PHYSICAL REVIEW B 68, 174423 ~2003!
a pellet together with polyethylene powder. Film homoge
ity, i.e., the composition profile along the growth directio
was checked by means of Auger sputter depth profiling i
separate ultrahigh vacuum system.15 For this purpose, the
film was sputter etched by a focused 1-keV Ar1 ion beam of
3 mm diameter. During sputtering, Auger spectra were c
tinuously recorded using a 3-keV electron beam of'0.1 mm
diameter for excitation. Concentration profiles were obtain
by plotting the respective Auger peak-to-peak heig
(dN/dE) of Mn ~589 eV!, Si ~92 eV!, and C~272 eV! vs
sputtering time, i.e., vs sputter etched depth.

The samples were magnetically characterized by mean
the transverse magneto-optical Kerr effect for temperatu
T52 –400 K as described earlier.7,8 The Curie temperature
was determined from an extrapolation of the magnetiza
M (T) to M (TC)50 measured in a weak magnetic field of
mT.

X-ray diffraction was done with CuKa radiation in a
u/2u powder diffractometer with Bragg-Brentano focusin
which only provides information about the lattice plane d
tances along the normal of the film, i.e., along the grow
direction. Some films have also been measured atT525 K
using a liquid-He flow cryostat.

XAS data at the MnK edge were taken in fluorescenc
mode at HASYLAB, beam line A1. The synchrotron radi
tion was monochromatized using two channel-cut Si~111!
crystals operated either in the four-crystal mode for h
resolution in the near-edge region (DE50.5 eV) or in the
two-crystal mode in the extended XAS region beyond
absorption edge (DE51.5 eV). The monochromator wa
slightly detuned to 70% or 50% maximum intensity, resp
tively, to reject higher harmonic reflections. Mn fluorescen
radiation was measured with a Ge detector oriented at an
of 90 ° and 45 ° with respect to the incoming beam and
sample surface, respectively. Background radiation, in p
ticular Fe fluorescence, was minimized by electronic d
crimination. Sample cooling was obtanined by a liquid-H
flow cryostat operating at temperatures 5–300 K. XAS w
done in two different energy regimes, i.e., in the near-e
region to provide information about the influence of carb
on the Mn valence state and in the region of extended x-
absorption fine structure~EXAFS! to investigate the loca
atomic order around the Mn atoms. The energy scale of
ery spectrum was calibrated by the spectrum of ana-Mn foil
measured simultaneously, with aK edge atEK56537.7 eV
as determined from the inflection point~root of second de-
rivative!. Further XAS data analysis was done by means
the computer programWINXAS.16

III. RESULTS AND DISCUSSION

A. Film preparation

Previous investigations on vapor deposited Mn-Si-C fil
of unknown composition have shown that the occurrence
magnetic hysteresis curves above room temperature is c
lated with the presence of the Mn5Si3 phase.8 Therefore, Mn-
Si-C films with various compositions around the stoich
metric Mn5Si3 compound were prepared atTS5470 °C. This
substrate temperature was found to be optimum for the
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mation of a nearly single-phase material, see below. Figu
shows the Curie temperature for a number of Mn-Si-C fil
with different compositions. Obviously, the highestTC val-
ues are obtained for compositions along the Mn5Si3Cx line.
In particular, samples withx50.75 haveTC5352 K and a
maximum average magnetic moment of 1mB /Mn atom.7

This indicates that the Mn5Si3C0.75 films are the most stable
ones in terms of magnetic order. The electrical resistancr
of these films shows a linear temperature dependence a
'50 K with ]r/]T.0 characteristic for metallic behavio
with, however, a high residual resistivityr05250 mV cm
and a resistance ratioR300 K/R10 K51.8, see Fig. 2. Films
with x.1 have a much larger resistivity presumably due
the larger number of defects caused by a doping level m
higher than the optimum doping level. In addition, they e
hibit a minimum around 40 K and an upturn in resistivi
towards lower temperatures, characteristic for strongly dis
dered metals such as metallic glasses.

In order to gain more information on alloy formation, th
role of the substrate material was also studied. Figur
shows the Curie temperature vsTS for films with x51.5
deposited on Si~001! or Al2O3 (11̄02) substrates. From thi
plot an optimumTS5470 °C is obtained whereTC is maxi-
mum. Films deposited at higherTS have a higherTC when

FIG. 1. Curie temperature of Mn-Si-C alloy films in dependen
of the concentration in atomic percent. Gray scale indicates
magnitude of TC . Dashed line marks the composition o
Mn5Si3Cx .

FIG. 2. Resistivityr vs temperatureT for Mn5Si3Cx films with
different compositionx, sputtered atTS5470 °C.
3-2
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PREPARATION AND STRUCTURAL CHARACTERIZATION . . . PHYSICAL REVIEW B68, 174423 ~2003!
sputtered on sapphire compared to films sputtered on sil
substrates, whereas forTS<470°C the type of substrat
seems to be irrelevant. The precipitous drop ofTC for films
deposited on Si~001! is due to a strong interdiffusion be
tween film and substrate. This can be inferred from the A
ger depth profiles of Mn, Si, and C shown in Fig. 4 for film
prepared atTS5470 °C. Note that the nominal Mn/Si rati
given by the sputtering rates is the same for all films. Fox
51.5, the film is only slightly enriched with Si as deduc

FIG. 3. Curie temperatureTC of Mn5Si3C1.5 films deposited on
Si ~circles! or sapphire~triangles! at different substrate temperature
TS .

FIG. 4. Auger depth profiles of films with nominal Mn5Si3Cx

composition deposited on Si~001! substrates atTS5470 °C. Solid
lines mark the average concentration in the film. Dashed lines i
cate the region of strong interdiffusion between film and substr
17442
n

-

from the composition ratio Mn:Si:C547:38:15~at. %! esti-
mated from the averaged Auger intensities by taking elem
tal Auger sensitivity factors into account, which differs on
slightly from the nominal deposited composition 53:32:1
However, films with a smaller carbon content are sever
enriched with silicon. In addition, a Mn depleted interfa
region of almost half the film thickness is formed. The fa
that the width of this interface decreases with increasinx
indicates that the Mn5Si3Cx alloy formed at elevated tem
peratures is more stable with a lower Gibbs free energy
formation compared to the parent Mn5Si3 compound. This
could be due to a larger contribution of reaction entropy
the carbon-doped sample. The interdiffusion is not obser
for Mn5Si3 films deposited on sapphire substrates. These
ter samples show a constant concentration over the w
film thickness and an instant decrease of the Si and Mn
nal when the film/substrate boundary is reached, see Fig
Hence, all films discussed in the following were deposited
sapphire (11̄02) substrates.

B. X-ray diffraction

Figure 6~a! shows x-ray diffractograms for films depos
ited at differentTS . At TS5470 °C the main characteristi
reflections of the Mn5Si3 structure are observed. Mino
Bragg reflections are not seen due to the small amoun
polycrystalline material. However, an earlier high-resoluti
x-ray-diffraction study on a Mn5Si3C1.5 powder sample~ob-
tained by sputtering several 1000-nm thick films on Na
substrates which were subsequently dissolved in water! ex-
hibited the whole set of Bragg reflections expected for
Mn5Si3 structure.7 The differences in the relative height o
the reflections compared to the data of the randomly orien
Mn5Si3 powder indicate a prominent texture of the sputter
films along the growth direction, which is preferentially th
hexagonalc axis. In Fig. 6~a! the diffractogram of a film
deposited at lowerTS shows only a strongly broadene
maximum around 2u543°, characteristic for the existenc
of an amorphous phase. AtTS5570 °C, i.e., much higher
than the optimumTS , crystallographic phases other tha
Mn5Si3 are formed. For this sample the Curie temperature
already reduced to below room temperature, see Fig. 3.

The effect of carbon concentrationx on the structure of
Mn5Si3Cx films deposited atTS5470 °C is shown in Fig.
6~b!. For x50, a strong texture is observed as already m
i-
e.

FIG. 5. Auger depth profile of a Mn5Si3 film deposited on a

(11̄02) sapphire substrate atTS5470 °C.
3-3
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C. SÜRGERSet al. PHYSICAL REVIEW B 68, 174423 ~2003!
tioned, which decreases with increasingx as can be seen
from the relative intensity of the~0002! reflection. The data
clearly show that the Mn5Si3 structure is stable up tox
51.1. The reflections shift to lower angles indicating an
crease of the lattice parameters with increasingx.

The unit-cell volume estimated from the lattice consta
is plotted in Fig. 7 vs concentrationx for films sputtered at
TS5470 °C. The lattice constants were obtained by a le
squares fit of the Mn5Si3 structure to the measured lattic
plane distances:a56.907 Å, c54.800 Å for Mn5Si3 ; a
56.939 Å, c54.831 Å for Mn5Si3C0.75. Also shown are
data obtained from earlier measurements on sinte
Mn5Si3Cx powder samples.3 The unit-cell volume of the
films increases roughly linearly up tox51 and eventually
saturates in contrast to the sintered powder samples, w
exhibit a saturation of the unit-cell volume already atx
50.22. Presumably, for films withx'1 all octahedral voids
are filled by carbon atoms leading to a saturation.

Figure 6~b! shows that forx>1.5 the amount of the
Mn5Si3 phase decreases as inferred from the gradual di
pearance of the Mn5Si3 reflections and the appearance
additional reflections originating from other crystallin
phases, for instance, pure Mn, SiC, and Mn8Si2C. This is in
agreement with the concentration dependence of the m

FIG. 6. u/2u x-ray diffractograms for~a! Mn5Si3C1.5 films pre-
pared at differentTS and ~b! Mn5Si3Cx films prepared atTS

5470 °C. Symbols indicate reflections due to Mn27Si47 ~closed
circles! and MnSi~open triangles!. Dashed lines indicate reflection
due to the Mn5Si3Cx Nowotny phase. Horizontal bars in~a! mark
the intensities expected for a random oriented powder sample.
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netic momentm/Mn-atom which strongly decreases forx
.1 with increasingx.7 Therefore, from x-ray-diffraction
analysisTS5470 °C and a carbon content of 0<x<1 are
found as optimum preparation parameters for the forma
of nearly single-phase Mn5Si3Cx films. In particular,
Mn5Si3C0.75 films are the most stable ones in terms of ma
netic order.

C. X-ray-absorption spectroscopy

Figure 8 shows the x-ray absorption, i.e., fluoresce
yield, normalized to the intensity well above the discontin
ity vs photon energyE. The preedge ata, originating from
electronic transitions from the 1s core level into thed states
of the conduction band, is preserved for all samples in ag
ment with previous near-edge data of several M
compounds.17 Although these transitions are forbidden b
dipole selection rules, the states are accessible due tos-p-d
hybridization. A mixing of the ofp-like andd-like states was

FIG. 7. Unit-cell volume vs carbon concentrationx of sputtered
Mn5Si3Cx films ~solid squares! and sintered Mn5Si3Cx powder
samples after Ref. 3~open triangles!. Dashed lines indicate the re
spective saturation values.

FIG. 8. X-ray-absorption spectra near the MnK edge of Mn5Si3
~dashed-dotted curve! and Mn5Si3C0.75 ~solid curve! films sputtered
on sapphire. Dashed curve shows the spectrum of ana-Mn foil for
reference. Features labeleda and A indicate the preedge atEa

56537.7 eV and the main edge atEA56543.7 eV for Mn5Si3Cx as
determined from the inflection points.
3-4
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PREPARATION AND STRUCTURAL CHARACTERIZATION . . . PHYSICAL REVIEW B68, 174423 ~2003!
also derived from calculations of the partial local densities
electron states.17 The main absorption edge atA is different
for the films compared to pure Mn as expected due to
different electronic structure. This edge is caused by tra
tions from the 1s state into the continuum ofp-like states in
the conduction band. However, the important point is that
the Mn5Si3Cx films the edge position atEA56543.7 eV does
not change by carbon incorporation.

In an ionic picture applied to Mn5Si3, charge balance re
quires the presence of four MnI

31 , six MnII
21 , and six Si42

ions in each unit cell resulting in an average Mn valence
12.4/Mn. The incorporation of C into the voids of the MnII

21

octahedra could induce a charge transfer from MnII to C,
assuming that C is electronegative. This would cause
presence of two MnII

21 and four MnII
31 ions surrounding each

C24 ion in Mn5Si3Cx and could lead to a double exchan
stabilizing ferromagnetic order similar to the colossal ma
netoresistance alloys.2 A change of the average Mn valenc
from 12.4/Mn to12.7/Mn for x50.75 would give rise to a
chemical shift of the absorption edge. XAS on various m
ganese compounds of different structures and Mn vale
have been reported earlier.17–19 In general, with increasing
oxidation state of Mn theK edge shifts by about 3–5 eV
valence to higher energies. For the Mn5Si3C0.75 films an av-
erage valence change of 0.3 would shift the MnK edge by
0.9–1.5 eV, which should be easily observable in the spec
From the fact that such a shift isnot observed we conclude
that a change of the Mn valence by the incorporation of C
Mn5Si3Cx films does not occur. This rules out a double e
change to be responsible for the stabilization of ferrom
netic order. Similar reasoning has also been given
Mn5Ge3Cx films.9

Before turning to the temperature dependence of the
AFS data we briefly summarize the structural properties
the antiferromagnetic Mn5Si3 compound which have bee
studied intensively by x-ray and neutron diffraction.22 X-ray
diffraction on a single crystal provided evidence that t
transition to an antiferromagnetically ordered antiferrom
netic AF2 phase at the Ne´el point TN5100 K is accompa-
nied by a small orthorhombic distortion of the hexagonal u
cell normally observed at room temperature. A second m
netic transition to a low-temperature AF1 phase occurs a
K which is associated with a change of thea andb axes and
a discontinuity of thec axis.22 These magnetic transition
have also been observed in specific-heat measurements23 It
is not a priori clear whether or not such a structural pha
transition takes place in the Mn5Si3Cx films. For the presen
films the investigation of a possible structural phase tra
tion by x-ray diffraction is hampered by the small intensiti
of the polycrystalline material and by the minor effects of t
distortion on a small number of reflections. In this respe
EXAFS measurements can provide additional informat
about the local atomic order around the absorbing
atom.20

For this purpose, multiple EXAFS scans were taken
temperaturesT55 K, 82 K, and 150 K in the energy rang
6400–7500 eV. The scans were averaged and sing
glitches from the monochromator were removed to obt
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the fluorescence intensityI (E) prior to further data process
ing. The normalized intensityx(E)exp5@ I (E)2I 0(E)#/
@ I 0(E)2I bac(E)# was obtained by substraction of th
preedge backgroundI bac}E and normalization toI 0 far
above the edge. Figure 9 shows the normalized absorp
data of the samples vs photon energyE. The energy was
converted into the wave vector of the photoelectron
k(Å21)50.512 31AE(eV)2E0 with a threshold energyE0
56543 eV. The residual background was approximated b
cubic-spline fit and subtracted to obtain the EXAFS oscil
tions xexp(k). In order to compare the absolute EXAFS si
nal of the films with the signal of the powder referen
sample the correction of self-absorption effects turned ou
be important. Eventually, we obtain the true EXAFS oscil
tion x(k)5xexp(k)/(12S) whereSdepends on the absolut
absorption of the fluorescing atoms, the film thickness,
x-ray incidence angle, and the angle between sample
detector.21 Theoretically, the EXAFS oscillations resultin
from all scattering pathsj from the absorber atom are give
by20,24

x~k!5(
j

NjS0
2F j

kRj
2

sin~2kRj1d j !expS 22Rj

l D
3exp~22k2s j

2!, ~1!

where the presence of higher-order cumulants has been
glected (N, coordination number;S0

2, amplitude reduction
factor; F(k), backscattering amplitude;R, distance;d(k),
phase;l, photoelectron mean free path;s, disorder param-
eter!. The last term in Eq.~1! represents the Debye-Walle
factor which takes thermal effects into account.

Figure 10 showsx(k)k3 for the three samples atT
55 K. Apart from differences in the rangek.10 Å21 the
spectra of the films show a similar behavior compared to
powder sample which confirms the presence of the Mn5Si3
phase in the films as already deduced from x-ray diffracti
In order to analyze the local atomic order in more detail
EXAFS data were Fourier transformed by application o

FIG. 9. Normalized x-ray absorption vs photon energyE at T
55 K for the investigated samples. Data are successively shi
upward by 0.1 for clarity. Dashed lines show the polynomial splin
used to extract the EXAFS oscillations.
3-5
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C. SÜRGERSet al. PHYSICAL REVIEW B 68, 174423 ~2003!
Bessel window. In general, the Fourier transform~FT! allows
a separation of the different configuration shells vs dista
R from the absorbing atom.

Figure 11 shows the magnitudeuFT(R)u of the Mn5Si3Cx
samples at various temperaturesT. All datasets exhibit a
broad peak located at 2 –3 Å which arises from the first
ordination shells around the MnI and MnII center atoms, fol-
lowed by smaller peaks due to higher coordination she
The latter are not due to noise because these peaks re
even after applying various filter procedures on thex(k)k3

data before performing the Fourier transform. The data of
Mn5Si3 powder reference sample clearly change with

FIG. 10. EXAFS oscillationsx(k)k3 at T55 K. Data are ver-
tically shifted by 20 Å23 with respect to each other for clarity.

FIG. 11. Fourier transform of the EXAFS oscillation
uFTx(k)k3u vs distanceR from the Mn atom of the investigate
samples at different temperaturesT. In each panel the upper tw
curves are successively shifted upward by 0.05 for clarity.
17442
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creasing temperature, in particular for a distanceR between
3 Å and 4 Å. Moreover, the height of the first-shell pe
changes irregularly withT. This is interpreted as being due t
the two structural phase transitions occurring at 100 K a
66 K as mentioned above. In contrast, data taken on
Mn5Si3Cx films show a very similar behavior for allT which
seems to be independent of carbon content, cf. films witx
50 and 0.75 in Fig.~11!. This strongly suggests that bot
films do not exhibit an orthorhombic distortion—not eve
the undoped Mn5Si3 film—in contrast to the bulk Mn5Si3
powder sample. The lack of such a phase transition in
films could be due to an impeding influence of the sapph
substrate.

In order to investigate the role of carbon on the loc
structure in Mn5Si3Cx a comparison of the experimental da
with a calculation of the EXFAS by anab initio multiple
scattering approach would be highly useful.24 Unfortunately,
a reliable result for the whole range of distances up toR
56 Å could not be obtained due to the large number
different atom sites and therefore scattering paths which
sults in a large number of free parameters. However, a
culation was performed by restriction to the first coordin
tion shell, thereby reducing the number of free paramet
For this purpose, first-shell filteredx(k)k3 data of the films
were obtained by back transformation ofuFT(R)u for the
lowest temperatureT55 K in the rangeR51.6–3.2 Å, see
Fig. 12. The parameters of the theoretical EXAFS signal
tained fromFEFF6code25 were refined by application of Eq
~1! to obtain a best fit to the experimental data.16 Lattice
parameters deduced from x-ray-diffraction data taken aT
525 K by assuming the hexagonal Mn5Si3 structure were
used as input parameters.26 Thermal broadening was take

FIG. 12. First-shell filtered data obtained by back transformat
of uFT(R)u ~Fig. 11! in the range 1.6 Å<R<3.2 Å. Dots indicate
measured data forT55 K, solid lines are the calculated oscillation
usingFEFF6code, see text.
3-6
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PREPARATION AND STRUCTURAL CHARACTERIZATION . . . PHYSICAL REVIEW B68, 174423 ~2003!
into account by application of the correlated Debye mode24

with a Debye temperatureuD5377 K.27 The calculation was
done by using a weighted set of scattering paths startin
the Mn center atoms at the two different sites of symme
i.e., 0.4MnI10.6MnII . First, the data of the Mn5Si3 film
were fitted to obtain the local energy shiftsE0

Mn52.4 eV,
E0

Si50.2 eV. All coordination numbers were kept fixed a
the interatomic distances were refined by correlation to
expansion coefficient. The best fit is plotted in Fig. 12 w
interatomic distancesdEXAFS given in Table I. These data
served as a reference for the fit of the Mn5Si3C0.75 data,
where theE0 values were taken from the previous fit appli
to the Mn5Si3 film. However, attempts to obtain a reasonab
result by either assuming a linear expansion of the lattice
to the incorporation of carbon, or by taking an addition
broadeningsdis due to static disorder into account, or b
considering a reasonable change in the coordination num
were not successful. The best fit plotted in Fig. 12 was
tained by using the interatomic distances as free parame
instead of a correlation to one expansion coefficient.

*Present address: Advanced Photon Source, Argonne Nat
Laboratory, 9700 S. Cass Avenue, Argonne, IL 60439.
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TABLE I. Structural data of the first coordination shell obtain
by fitting the parameters in Eq.~1! to the experimental EXAFS dat
for T55 K using scattering paths calculated byFEFF6. Center at-
oms: MnI and MnII ~left part of bond!. N, coordination number;
dXRD , interatomic distance calculated from the lattice parame
obtained from x-ray diffraction atT525 K; dEXAFS, interatomic
distance obtained from the best EXAFS fit. All distances in a
strom.

Mn5Si3 film Mn5Si3C0.75 film
Bond N dXRD dEXAFS dXRD dEXAFS

MnI-MnI 2 2.396 2.40 2.415 2.40
MnI-Si 6 2.422 2.44 2.434 2.45
MnI-MnII 6 2.952 2.96 2.967 2.97
MnII-C 2 2.03 1.91
MnII-Si 2 2.407 2.36 2.416 2.40
MnII-Si 1 2.505 2.49 2.516 2.40
MnII-Si 2 2.653 2.61 2.672 2.81
MnII-MnII 2 2.816 2.82 2.878 2.85
MnII-MnII 4 2.895 2.89 2.915 2.86
MnII-MnI 4 2.952 2.96 2.966 2.97
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though the fit in Fig. 12 describes the data well and
interatomic distances around MnI are in good agreement with
the x-ray data, see Table I, the interatomic distances of
MnII octahedra show a strongly anisotropic distortion. W
emphasize that this result is independent of slight change
the structural parametery determining the positions of atom
located at the crystallographic 6(g) sites. This is in contras
to the simple picture of a lattice expansion by the incorpo
tion of carbon. An anisotropic distortion of the structure
carbon was also reported for isostructural Ti5Si3C0.47 com-
pounds which were synthesized by arc melting and struc
ally characterized by x-ray and neutron diffraction.28 This
result strongly suggests that the carbon is not an ‘‘ine
interstitial atom but participates in the chemical bonding
Mn. We mention that the fit could not be improved by co
sidering a scenario where the octahedral site was part
occupied by Si.

IV. SUMMARY

The enhanced carbon incorporation in Mn5Si3Cx films
prepared by magnetron sputtering at elevated substrate
peratures gives rise to magnetic properties, characteristic
a ferromagnet withTC5352 K for x50.75. This is due to an
anisotropic modification of the local structure around the M
sites by carbon, in particular at the octahedral positions
contrast to the simple picture of an isotropic lattice expa
sion. In addition, the carbonization seems to have a posi
effect on the thermodynamic stability against reaction wit
silicon substrate.

We have shown that the formation of the Mn5Si3Cx phase
takes place in a limited range of substrate temperatures
tween 300 °C and 500 °C. This is in quantitative agreem
with previous reports on Mn/C/Si triple layers12 and C/Mn/
C/Si multilayers.13 This suggests that the ferromagne
phase in the latter systems is akin to the ferromagnetic ph
in the Mn5Si3Cx films investigated here.
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17R. Nietubyć, E. Sobczak, and K.E. Attenkofer, J. Alloys Comp

328, 126 ~2001!.
18S.I. Salem, C.N. Chang, P.L. Lee, and V. Severson, J. Phys

Solid State Phys.11, 4085~1978!.
19M.Y. Apte and C. Mande, J. Phys. C15, 607 ~1982!.
20X-Ray Absorption: Principles, Applications, Techniques

EXAFS, SEXAFS, and XANES, edited by D. C. Koningsberge
and R. Prins~Wiley, New York, 1988!.

21R. Castan˜er and C. Prieto, J. Phys. III7, 337 ~1997!.
22P.J. Brown and J.B. Forsyth, J. Phys.: Condens. Matter7, 7619
17442
J.

C:

f

~1995!, and references therein.
23N.P. Sudakova, S.I. Kuznetsov, A.V. Mikhel’son, N.I. Sychev, a

N.V. Gel’d, Dokl. Akad. Nauk SSSR228, 582 ~1976! @Sov.
Phys. Dokl.21, 273 ~1976!#.

24J.J. Rehr and R.C. Albers, Rev. Mod. Phys.72, 621 ~2000!, and
references therein.

25J.J. Rehr, R.C. Albers, and S.I. Zabinsky, Phys. Rev. Lett.69,
3397 ~1992!.

26TheFEFF input file containing the atomic positions was genera
by the program ‘‘Atoms’’ written by B. Ravel which can be use
via the internet under http://millenia.cars.aps.anl.gov/cgi-b
atoms/atoms.cgi

27G.I. Kalishevich, N.P. Sudakova, A.V. Mikhel’son, N.V. Gel’d
and V. I Surikov, Sov. Phys. Solid State16, 1386~1975!.

28J.J. Williams, M.J. Kramer, M. Akinc, and S.K. Malik, J. Mate
Res.15, 1773~2000!.
3-8


